Being extremely difficult to characterize experimentally, lipid membrane packing defects and their role in the binding of peripheral proteins are generally investigated in computational studies. Such studies, while have been immensely successful in unraveling the key steps of the binding process, analyze the packing defects using their 2-dimensional projection, thus ignoring the crucial information on their depths. Here we present a simple yet computationally efficient algorithm, which identifies these defects in 3-dimension. We employ the algorithm to understand the nature of packing defects in flat bilayer membranes exhibiting liquid-ordered (L o ) and liquid-disordered (L d ) phases. Our results indicate the presence of shallower and smaller defects in the L o phase membranes as compared to the L d and mixed ones, in accordance to their distinct topological arrangements and temporal evolutions. Such analyses can elucidate the molecular scale picture behind the preferential binding of certain proteins to either of the liquid phases or their interface. Moreover, on the methodology front, our analyses suggest that the projection based 2-dimensional calculation of packing defects might result in inaccurate quantification of their sizes, thus advocating the importance of the 3-dimensional calculation.
Introduction
Lipid membranes, a major cellular component, not only provide shape and stability to the cell and its organelles, but also play vital roles in many physiological functions, such as cell signaling and trafficking [1] [2] [3] [4] . Many of these cellular functions are driven by membrane-protein interaction. One of the known feature that drives such interaction is the membrane curvature, where peripheral proteins preferentially adsorb to curved membranes [5, 6] . Another feature, which has recently been of great interest, is a highly transient aspect of lipid membranes: the lipid packing defects [7, 8] . These are identified as the surface of the hydrophobic lipid tails that are transiently exposed to the environment, thus also termed as hydrophobic defects. It has been shown that amphipathic motifs of peripheral proteins can sense these packing defects and subsequently bind to the lipid membrane by inserting their bulky hydrophobic residues into them [7] [8] [9] [10] [11] [12] [13] .
Owing to their transient nature and small size, experimental characterization of lipid packing defects is extremely difficult. The same is indirectly inferred from experiments, where peripheral proteins preferentially partition into specific domains of the lipid membranes [10, 12, 14] . The contribution of computational tools and methods to characterize lipid packing defects, however, is remarkable. They have proven to be very useful in elucidating the process of binding of amphipathic motifs and their subsequent folding into α-helix in presence of packing defects, where the motif folding and defect coalescence has been shown to share a dynamic cooperativity [7, 8] . In this line, the scientific contributions from two groups, Voth and co-workers [7, 10] and Antonny and co-workers [8, 9, 11] , need a special mention. The former group was among the first to characterize lipid packing defects in a model atomistic lipid membrane, exhibiting various state of curvature. They used a solvent accessible surface area (SASA) based method to identify the packing defects, which were then projected to a plane for subsequent analysis.
The later group, on the other hand, used a 2-dimensional cartesian grid based method that scanned the lipid surface to identify exposed lipid tail atoms. Based on the nature of the atom encountered, they classified the defect to be geometric or chemical. Very recently, Antonny and co-workers optimized their algorithm and presented it in the form of a bioinformatic tool, named PackMem [15] , where they also characterize packing defects to be shallow or deep. However, these elegant schemes still analyze the lipid packing defects in 2-dimension and present them as area, while in reality, such defects are 3-dimensional voids on the lipid membrane surface. Analyzing the defect projection is a technical simplification, where there is a possibility that some crucial information might get lost. The basic reason behind such simplification is the vast number of lipid atoms present in the membrane, which make a 3-dimensional grid search for atom overlap extremely time consuming. A scheme which can efficiently take care of the grid search should be able to fix this issue and identify the packing defects as voids in 3-dimension.
In this work, we present a simple, yet robust, algorithm to identify the lipid membrane packing defects in 3-dimension. Rooted from a free-volume based calculation, the algorithm identifies the de-fect pockets by scanning a local (grid) volume around each atom in the lipid membrane. This is in contrast to the usual grid-based comparison, where each atom is compared to each grid point, in the reference box, to check for overlapping. The local search reduces the computational cost, thus making the algorithm efficient. We use this protocol to identify the packing defects in three different ternary lipid membrane systems, DPPC/DOPC/CHOL, PSM/DOPC/CHOL, and PSM/POPC/CHOL, each exhibiting pure L o , pure L d , and mixed L o /L d phases at various lipid compositions [16, 17] . While the nature of packing defects on curved membranes is well understood [7, 9] , it is interesting to probe their nature on flat lipid membranes with co-existing liquid phases, where the distinct local topological rearrangements of lipids lead to characteristic nature of the ordered and disordered phases [18, 19] . We compare the spatial distributions of packing defects and find that the defects in the ordered and disordered phase of the membrane have distinctive features, an observation that can be attributed to the characteristics topological arrangement of lipids in the two phases. The distribution of defect pocket sizes turns out to be quite (remarkably) different from the 3-dimensional calculation, proposed here, and a projection based 2-dimensional calculation, raising questions on the validity of quantitative analyses from 2-dimensional calculation of lipid packing defects. The distribution of size and depths across these nine systems demonstrate some interesting features of lipid membranes exhibiting co-existing ordered and disordered phases.
The rest of the paper is organized as follows. The details of the atomistic simulation trajectories analyzed in this work are discussed in Section 2, along with a thorough discussion on the proposed algorithm to identify hydrophobic packing defects in lipid membranes. In Section 3, we provide and discuss results on the spatial, size and depth distributions of lipid packing defects for all the nine model lipid membrane systems studied in this work. Subsequently, to rigorously assess the usefulness of the methodology, we discuss the scope and limitations of the algorithm in Section 4. We conclude in Section 5 with our important results and probable future directions.
Methods

Atomistic Simulation Trajectories of Model Lipid Membranes
The set of atomistic simulation trajectories of lipid membrane system, which are used to benchmark the proposed algorithm, are borrowed from Edward Lymans group at the University of Delaware. The set consists of three different ternary lipid systems: DPPC/DOPC/CHOL, PSM/DOPC/CHOL, and PSM/POPC/CHOL, each simulated at three carefully chosen compositions at which the system exhibits pure L o , pure L d , and co-existing L o /L d phases. The simulations were carried out using NAMD on Anton supercomputer [20, 21] . CHARMM36 forcefield [22] was used to model the lipids, TIP3P [23] to model water and a forcefield from an earlier work [24] was used to model cholesterol. The entire trajectories correspond to µs long simulation runs, where the system snapshots were collected at every 240 ps. Some of the important details of the trajectories are summarized in Table 1 . Further details on the technicality of the system set up and simulation protocol can be found in the original references [16, 17] . 
Calculating Hydrophobic Defects
To identify the packing defects on a membrane surface, we follow a grid-based free volume method. The defects are defined as the surface of the hydrocarbon tails of the lipids that are exposed to a probe, and are identified in a two-step calculation. In the first step, we identify the excluded or free volume of the surface of a membrane leaflet and in the second, the defect pockets are located. In the following sections, we discuss these two steps in details.
Identifying Membrane Surface Free Volume
To begin with, we consider one leaflet of the lipid bilayer lying on the XY plane. We define a cutoff Z value and select all the atoms of the monolayer that lie above the cutoff. The Z cutoff is arbitrary and can be efficiently chosen based on a simple visual inspection of the trajectory to be analyzed. A very low cutoff will lead to selection of a large number of atoms and increase the computational cost, while a very high cutoff may miss out important atoms over the trajectory. Therefore, a Z value is chosen which selects sufficient atoms from the monolayer, while making sure that all the lipids lie well above the Z cutoff over the entire trajectory. For simulation trajectories where the origin of the coordinate system is and we identify and remove grid points that lie within one van der Waal (VDW) radius of any atom plus a probe distance. We use the VDW radius of atoms as specified by the forcefield and a probe distance of 1.4Å, which is approximately the radius of a water molecule.
The general protocol for this part of the calculation is to compare the position of each grid point to that of each atom in the reference box to check for overlap. This comparison is usually achieved in two nested loops with either the grid index as the outer loop or the atom index and thus, is computationally expensive. We use a protocol that avoid such expensive nested loops over all atoms/grid points and rather compares an atom to only its neighboring grid points to check for overlapping. The idea is to consider a local 3-dimensional grid around each atom, in the selection, and compare the grid points within this local grid for possible overlap. As the corner of the reference box is kept at the origin and the grid spacing is 1Å, we can identify the nearest neighboring grid points of any atom quite easily:
it is the integer value of the position vector of the atom in any direction. In case the grid spacing was something different that 1Å, it would be the integer value of the ratio of the position vector and the grid spacing. Thus, considering one atom of the monolayer, we can easily locate the grid points that lie within its VDW radius plus one probe distance in all directions. These grid points will constitute a local 3-dimensional grid around the central atom, under consideration. We now compare the distance between the position of the central atom and all the grid points within the local 3-dimensional grid around it. If this distance is found to be less than its VDW radius plus the probe distance, we remove the grid point as it overlaps with the central atom. We repeat the same procedure for all the atoms in the monolayer.
The algorithm for this part of the calculation is given below. 
Identifying Membrane Defect Pockets
The flat bilayer membranes that are studied in computer simulations are not essentially flat and exhibit transverse fluctuations that are much smaller in length scales as compared to the membrane's intrinsic curvature. These fluctuations can play a very important role in the formation of the defect pockets in such flat membranes. We, therefore, look for the defect pockets surrounding each lipid in its local neighborhood.
For this part of the analysis, we define the bottom carbon atom of the glycerol group, from where the two tails bifurcate, of lipids and the hydroxyl group oxygen atom of cholesterols as the reference sites.
At this point, it should be noted that in earlier works on hydrophobic defects, the lipid membranes were composed of either a single lipid component or a mixture without cholesterol [7, 8, 11] . As cholesterols lie deeper within the membrane as compared to lipids, neglecting them will introduce inaccuracy in defect pocket calculation. Also, the interaction between water molecules and the lipids can get sufficiently modified in the presence of nearby cholesterols. Therefore, we also consider cholesterols while locating defect pockets. Intuitively, all the reference atoms never fall on a plane and, and so, do the local defects.
We define defect pockets as local excluded volume, which we obtain from the earlier calculation, that lie in the neighborhood of the reference sites and extend below them along the Z-direction, thus exposing the hydrophobic tails of the lipids and the aromatic rings of the cholesterols. The neighborhood is defined around the reference sites in the XY plane, within a local 3-dimensional grid of length 3 times the probe distance plus the VDW radius of the reference atom. With these conditions, the free volume grid points that lie above the membrane surface are automatically discarded and we are left with local defect pockets lying on the membrane. The grid points with def ect grid point value 1, constitute the defect pockets. The algorithms discussed in this and the last subsections provide the coordinates of grid points as output, which constitute the defect pockets on the monolayer at a given snapshot in the trajectory. This data is collected over the entire trajectory, which can be subsequently used to analyze the defect structure. Figure 1 shows the membrane defects identified using this method in a PSM/DOPC/CHOL bilayer system showing L o phase. The figures have been rendered using the visualization tool, VMD [25] .
As one can expect, this calculation can (and does) also identify grid points that lie well within the membrane as defects. One can employ conditions to avoid such occurrence, such as the defect pocket should always originate from the reference atom plane and extend below. However, as the lipid tails are very closely packed, such ambiguous defect pockets are statistically insignificant in number and does not affect the final results.
Results and Discussion
Spatial Distribution of Packing Defects
To understand the spatial distribution of defects in mixed phase (L o /L d ) lipid membranes, we analyze their spatial maps, which were generated in the following steps. The defect pockets were first projected onto the XY plane of the grid. Ten such projections were collected from ten consecutive system snapshots.
Subsequently, the set of projected defects were binned in XY plane with bin size 1Å (the original grid spacing) and averaged. Thus, the colorbar in the map indicates the probability that a grid point is a part of a defect. A high probability, therefore, indicates the persistence of a defect pocket in the XY plane, i.e., a localized defect. It should be noted that the system snapshots, considered here, are collected 240 ps apart in time. Therefore, considering a large number of snapshots will be pointless as the defects are highly transient structures.
The ten steps averaged spatial maps of defects, calculated for the localized hydrophobic defects are associated with the ordered phase, the disorderedness of lipids in the L d phase leads to a high density of defects and make them highly mobile. It is therefore evident that our algorithm is able to capture the distinct nature of defects in the ordered and disordered phases of a lipid membrane, which can be useful in understanding the preferential membrane-protein association at distinct phases of the membrane or at their interface [12, 14, 26] .
In our earlier studies [18, 19] , we observed that the compact topological rearrangement of lipids in the L o regions make them dynamically steady, which should be the reason for the localization of the defects therein. On the other hand, comparatively faster evolution of lipids in the L d phase can make the defects more dynamic. We are currently working on establishing any such possible correlation between the evolution of lipids in the membrane and the defect pockets therein, which will be discussed in our future publication.
Size Distribution of Packing Defects
The most general way to characterize the packing defects is to analyze the distribution of their sizes.
The existing protocols to analyze packing defects, which deal with the projection of the defects on a grid plane, represent the defect size as defect area, which is the area of the square grids identified as part of defects. However, here we extract the packing defects as 3-dimensional voids, and thus the calculation of defect size becomes straightforward. We represent these voids as collection of spheres of diameter 1
A (positioned at each grid point) and calculate defect size as the total number of grid points within it.
We count this number by using a simple distance based clustering algorithm. where the grid points, identified from the def ect grid data (obtained from the algorithms discussed in the last section), which lie within a diagonal distance of each other are merged as a single cluster, and thus form a defect pocket.
Mathematically, the exact volume of the void and the size, calculated this way, differs only by a constant factor and therefore, the statistics should be comparable. In defect size distribution plots, the data points corresponding to very small defects, such as those less than 20, can be conveniently ignored as such small defects appear in all lipid membrane systems irrespective of their nature. On the other hand, very large defects are rare and thus have very low probability of occurrence. Therefore, only the defects with size in the intermediate range are statistically relevant. In general, the defect size distribution, in this range, is found to be exponential and so, the slope of the distribution, plotted in a semi-log scale, indicates the average defect size.
To understand the nature of packing defects in flat lipid membranes, exhibiting pure and mixed liquid phases, we calculate the distribution of their sizes. We first compare these distributions to those obtained from a 2-dimensional defect calculation. To calculate the defect size distribution in 2-dimension, we project the 3-dimensional defects onto the XY-plane and calculate their sizes using our clustering algorithm. In Fig. 3 , we compare these distributions for all the nine systems studied in this work. As evident, the defect size distributions, in the range of interest, differ substantially for the two cases and subsequently, the estimated value of average defect size. [[calculate]] Such an observation raises doubt on the validity of calculations that are based on a 2-dimensional analysis of defects. We, therefore, emphasize that studies intending to rigorously quantify lipid packing defects should identify them in 3-dimension rather than analyzing a projection of the same. found to be similar to that of the pure L d phase, while that in PSM/POPC/CHOL membrane is similar to that of the pure L o phase. Therefore, we believe that the mixed phase in DPPC/DOPC/CHOL system is dominated by the L d subphase, while that in the PSM/POPC/CHOL system is dominated by the corresponding L o subphase. The spatial distribution of defects shown in Fig. 2 also indicates the same behavior. However, rigorous analyses will be necessary to support this claim. Few of our current results support this view, that the nature of defects in a mixed phase membrane system is influenced by the richer phase, and will be discussed further in our upcoming publication.
Depth Distribution of Packing Defects
To further explore the importance of analyzing packing defects in 3-dimensional, we calculate the distribution of their depths. The depth of a defect is defined as its net extension along the Z-direction, which is again straightforward to calculate from the def ect grid data. In Fig. 5 , we present these distributions for all the nine systems under consideration.
As earlier, we ignore very shallow (< 6Å in depth) and The difference in defect depths across the L o , L d and L o /L d systems is again as expected. In our recent study [18, 19] , we have observed the spatio-temporal evolution of lipids in the ordered and disordered regions of the membrane to be significantly different. This, along with the compact packing of lipids in the ordered regions, does not allow deeper defects to persist. On the other hand, fast moving disordered lipids in the L d phases leads to larger and deeper defect pockets. Such information on depth distribution of membrane packing defects can be immensely important in the study of membrane-protein association [7] [8] [9] [10] , where deeper defects can facilitate protein anchoring and subsequent binding. It is needless to mention that such differences in terms of defect depths cannot be identified in a 2-dimensional projection based defect calculation. Though the defect analysis tool from Antonny and co-workers [15] , PackMem, can identify defects to be shallow or deep, it cannot provide the exact measure of their depths.
Scope and Limitations
The algorithm proposed in this work, while efficiently handles the job of overlap check, does not impose any fixed parameters. Rather, users can choose various parameters as per their requirement. Firstly, by suitably choosing the Z-cutoff, the number of atoms in the leaflet under consideration can be greatly reduced, thus reducing the computation time. Secondly, for membranes with various species of biomolecules other than lipids, such as sterols, peptides, and proteins, one can choose the reference sites based on the nature of these biomolecules, so as to correctly identify the packing defects around them. As discussed earlier, neglecting such molecules from the calculation can introduce inaccuracy in the defect pocket identification. Lastly, one also has the flexibility of choosing the probe distance and thus identify packing defects of specific nature. In our calculations, we have used a probe distance of 1.4Å, the approximate radius of a water molecule, so that the defects are the hydrophobic surface available to water. One can also choose the same to be the radius of a bulky hydrophobic residue on a peptide (approximately 3Å), as used in earlier analyses by other groups [7, 8] .
The lipid membranes considered in our analyses are mostly flat and so, both leaflets are essentially identical in nature, in terms of curvature and composition. While we have analyzed the defects in only one of the leaflets, the same analyses can be performed on the other as well with a suitable choice of Z-cutoff. In fact, it is recommended to perform the analyses on both leaflets of the bilayer membrane, so as to improve the statistics of the distribution. Being a benchmarking exercise, we analyze defects in only one leaflet of the bilayer for all the systems, so the comparison is unbiased.
For curved membranes, where lipid packing can be drastically different between the inner and outer leaflets, the characteristics of defects on the two leaflets can be very distinct. For such curved membranes, a Z-cutoff cannot be used to select a subset of atoms from one of the leaflets. In stead, all atoms from one leaflet have to be chosen for analysis and the leaflet can be suitably moved to lie at the bottom boundary of the reference box. It should be mentioned, at this point, that for such a curved membrane, the first part of the proposed algorithm will identify excluded volume that will lie beneath the leaflet itself and so, can be identified as defects in the second part of the calculation. Therefore, to handle such ambiguity, we can impose additional constraints, such as, we can locate carbon atoms near the end of each lipid tail and remove all grid points below it. However, the proposed protocol, of checking overlapping between an atom and its neighboring grid points lying within a local 3-dimensional box, can be used to efficiently identify defect pockets in membranes exhibiting various state of curvature.
Conclusions
In this work, we provide a coherent framework to systematically characterize lipid membrane packing defects in 3-dimension. The protocol allows to choose a subset of atoms from a monolayer to analyze surface defect pockets and the algorithm follows a local grid search method to identify overlaps, thus making the framework computationally very efficient. For all the nine systems considered in this work, with very different system sizes as summarized in Table 1 , it takes less than 1 second to identify defect pockets for a given snapshot of the trajectory. The algorithm takes care of periodic boundary conditions in the lateral directions, so that the defect pockets lying at and near the boundaries are correctly identified.
We show that in comparison to a 2-dimensional defect calculation, based on the projection of defect pockets on a plane, the proposed algorithm yields disparate distributions of defect sizes, thus raising questions about the reliability of the average defect sizes calculated from 2-dimensional calculations.
Being able to capture the real 3-dimensional structure of the defect pockets, the algorithm also allows the calculation of defect depths. Such information can be crucial while studying membrane-protein association, which is well known to be facilitated by packing defects [7] [8] [9] [10] . The framework is best suited for a flat lipid membrane. However, the same can be extended to curved membranes with a little additional cost of computation. Finally, the algorithm is very simple and thus allows modifications based on user requirements.
We used this method to identify defect pockets in The mixed L o /L d phases were found to exhibit defects that are intermediate in size and depth to both the pure phase membranes. The data from the defect calculation are thus in line with the current understanding of membranes exhibiting pure and mixed liquid phases [16] [17] [18] [19] , and validates the proposed framework. We are currently in the process of mapping out the connection between the nature of defect pockets in such membranes and the spatio-temporal evolution of the membrane lipids. Such a connection can shed light on the molecular origin of the spatial heterogeneities observed in biological membranes that act as platforms for peripheral proteins to bind.
6 Acknowledgement
